Background and objectives Poor linear growth is a well described complication of chronic kidney disease (CKD). This study evaluated whether abnormal birth history defined by low birth weight (LBW; Ͻ2500 g), prematurity (gestational age Ͻ36 weeks), small for gestational age (SGA; birth weight Ͻ10th percentile for gestational age), or intensive care unit (ICU) at birth were risk factors for poor growth outcomes in children with CKD.
Introduction
Linear growth and weight gain are impaired in children with chronic kidney disease (CKD) through various mechanisms (1) . Causes of poor growth in children with CKD include renal osteodystrophy, metabolic acidosis, and inadequate nutrition (1) . CKD also disrupts the growth hormone-IGF-I axis, a cause of growth failure in CKD that can be effectively addressed via administration of recombinant human growth hormone (2) (3) (4) .
Among the general population of children, birth history is known to influence linear growth and adult height. Most otherwise healthy children who are small for gestational age (SGA) have rapid catch-up growth, with most occurring during the first 6 months of life (5) . Nevertheless, approximately 10% of such children are Ͼ2 SD below the mean for height throughout childhood and as adults (6 -8) . In contrast, appropriate-for-gestational-age premature infants usually demonstrate catch-up growth during the first 2 years of life and attain a normal adult height.
The effect of an abnormal birth history on linear growth and weight in children with CKD has rarely been studied. The goal of this study was to determine if a child's birth history, specifically low birth weight (LBW), prematurity, SGA, or intensive care unit (ICU) stay in the neonatal period influence stature and weight in children with CKD. To accomplish this, we utilized data acquired during multiple visits from study participants of the Chronic Kidney Disease in Children (CKiD) Study, an observational study of a large cohort of children and adolescents with mild to moderate CKD.
Materials and Methods

Study Design and Population
From April 2005 through September 2009, the CKiD study enrolled 586 children with mild to moderate CKD into a multicenter, prospective cohort study at 48 pediatric nephrology centers across North America. Details of the CKiD study design have been previously published (9) . Briefly, eligible children were aged 1 to 16 years and had a Schwartz-estimated GFR between 30 and 90 ml/min per 1.73 m 2 (10, 11) . At the baseline visit, we used the plasma disappearance of iohexol to generate a four-point GFR (12) . Exclusion criteria included renal, other solid-organ, bone marrow, or stem cell transplantation; dialysis treatment within the past 3 months; HIV diagnosis; cancer/ leukemia diagnosis/treatment within past 12 months; current pregnancy or pregnancy within the past 12 months; history of structural heart disease; genetic syndromes involving the central nervous system; and history of severe to profound mental retardation.
The study design and conduct for CKiD was approved by an external advisory committee appointed by the National Institutes of Health and by the internal review boards for each participating center.
Primary Outcomes
At each CKiD visit, height and weight were determined as the mean of two independent measurements at 99.6% of visits (the remainder used a single measurement). Age-sex-specific height and weight z-scores were calculated (13) using 2000 Centers for Disease Control standard growth charts for U.S. children (14) . Each zscore represents how many SD the participant is above or below the expected mean value for their age and sex. Figure 1 shows the approximate normality of the distribution of age-sex-specific height (left panel) and weight z-scores (right panel).
Primary Exposures
At the baseline visit, a parent questionnaire was used to collect data on history of birth abnormalities, which included LBW (birth weight Ͻ2500 g), prematurity (gestational age Ͻ36 weeks), SGA (birth weight Ͻ10th percentile for gestational age), (15) and neonatal ICU immediately after delivery. At the baseline visit, a question to determine whether the child was premature (defined as Ͻ36 weeks gestation) was administered and if premature, by how many weeks before the due date. To determine the exact number of weeks for gestational age, we refined the questionnaire and at the first follow-up visit ascertained how many weeks the child was born before the due date.
For the participants on whom we only had the information at the baseline visit, we assigned a gestational age of 39 weeks to those who answered that their gestational age was Ն36 weeks.
Covariates
The diagnoses of CKD were categorized as glomerular or nonglomerular (see footnotes of Table 1 for the specific CKD diagnoses). The percentage of a participants' life with CKD was determined as the time between CKD diagnosis and a given visit divided by age. Mid-parental height was determined as the average height of the child's biologic mother and father (measured at a study visit). Current growth hormone use was ascertained at the baseline visit and all annual visits, but not at the second component of the baseline visit, which occurred 6 months after the initial visit. Hence, this variable was not included in the full analysis beHeight z-scores cause its inclusion would have reduced the number of study visits for analysis by 26%. Moreover, when we repeated the final regression analyses with and without growth hormone use as a covariate among only the person-visits at which growth hormone use was assessed, there was no difference in the result.
Statistical Methods
The unit of analysis was a person-visit with values of growth outcomes (age-sex-specific height and weight z-scores), age, and percentage of life with CKD updated at each visit. The two z-scores were compared between exposed and unexposed groups over time using separate linear regression models for each of four primary exposures (LBW, premature, SGA, and ICU at birth) with generalized estimating equations to account for the statistical dependence incurred by repeated measures of each outcome on the same individual (16) . In addition to the primary exposure, each adjusted regression model included sex (male versus female [reference]), race (non-white versus white [reference]), age (centered at a value of 11.0 years), percentage of life with CKD (Ͻ50%, 50 to Ͻ90%, Ն90% [reference]), and mid-parental height (centered at a value of 1.71 m). The linear regression model was of the form z-score ϭ a ϩ bX ϩ cZ ϩ , where X is an indicator (0 ϭ no, 1 ϭ yes) of one of the four primary exposures (LBW, prematurity, SGA, ICU), Z is a constellation of covariates (i.e., sex, race, age, percentage of life with CKD, and mid-parental height), and follows a normal distribution with mean 0 and variance 2 . Therefore, a represents the expected z-score for individuals who do not have the specific birth history in question, are female, white, have an attained age of 11.0 years, have had CKD Ն90% of their lifetime, and have parents with an average mid-parental height of 1.71 m. The primary aim was to test whether b was different than zero, because this coefficient represents the effect of the primary exposure in individuals of comparable sex, race, age, CKD duration, and mid-parental height.
We conducted the same multivariate analyses separately for children with glomerular and nonglomerular diagnosis. The primary aims were to (1) test whether b G or b NG were different than zero, because these coefficients represent the effect of the primary exposure in individuals of comparable sex, race, age, CKD duration, and mid-parental height among those with glomerular and nonglomerular diagnoses, respectively; and (2) test whether b G b NG to determine whether the effect of the primary exposures was different in those with glomerular and nonglomerular diagnoses, which was accomplished by standard methods for comparing two independent normally distributed variates.
Results
Of the 586 participants enrolled as of September 2009, we were able to analyze the 426 (73%) who had data on each of the four primary exposures, type of a z-scores were age-and sex-specific; bolded mean z-scores indicate significant differences (P Ͻ 0.05) between those with birth abnormality compared to those without the indicated birth abnormality using generalized estimating equations to account for the statistical dependence incurred by repeated measures of each outcome on the same individual. b A total of 89 children with a glomerular CKD diagnosis contributed a total of 286 person-visits (9 ͓10%͔ contributed one visit, 11 ͓12%͔ contributed two visits, 31 ͓35%͔ contributed three visits, 29 ͓33%͔ contributed four visits, 8 ͓9%͔ contributed five visits, and 1 ͓1%͔ contributed six visits).
c Growth hormone use was missing at 77 person-visits.
CKD diagnosis, both of the study outcomes, and all covariates of interest. Table 1 provides descriptive statistics at baseline for the entire study population and by CKD diagnosis. The lower median values of the height and weight z-scores in children with a nonglomerular diagnosis were due in large part to the longer duration with CKD. There is evidence of selection by indication whereby children with a nonglomerular diagnosis, who are on average shorter than children with a glomerular diagnosis, are also more likely to use growth hormone. The overall prevalence of LBW, prematurity, and SGA did not differ by diagnosis. Those with a glomerular diagnosis were significantly less likely than those with a nonglomerular diagnosis to be in the ICU at birth. Table 2 presents descriptive statistics of the outcomes and covariates at all person-visits (i.e., the unit of analysis) stratified by CKD diagnosis and indicators of abnormal birth history. Among participants with a glomerular diagnosis, LBW and SGA were associated with lower height and weight. Among participants with a nonglomerular diagnosis, LBW, prematurity, and SGA were associated with lower height whereas ICU was associated with lower weight. Table 3 presents the effect of each abnormal birth history exposure on age-sex-specific height and weight z-scores adjusted for sex, race, age, percentage of life with CKD, and mid-parental height. Even among children with a normal birth history, height and weight z-scores were significantly less than zero. There was an additional negative effect on height z-score in children with a history of LBW (Ϫ0.43 Ϯ 0.14; P Ͻ 0.01) or of SGA (Ϫ0.29 Ϯ 0.16; P ϭ 0.07); there was no additional deleterious effect of prematurity or spending time in the ICU after delivery. The analysis of weight also demonstrated a significant additional negative effect of LBW (Ϫ0.37 Ϯ 0.16; P ϭ 0.02) and SGA (Ϫ0.41 Ϯ 0.19; P ϭ 0.03). Although some of the comparisons of growth outcomes between those with and without each of the birth abnormalities failed to reach conventional statistical significance, it is noteworthy that all of the regression coefficients were negative, indicating the overall negative effect abnormal birth history had on attained growth.
Among the covariates, being male, of older age, and having taller parents were significantly associated with increased height; race and duration of CKD were not significantly associated with height (results not shown). Each additional year of age and being nonwhite were associated with increased weight. Compared with those with CKD for Ն90% of their lifetime, those with CKD for Ͻ50% or between 50% and Ͻ90% of their lifetime had higher weight z-scores.
To describe the joint effect of LBW, prematurity, and SGA on height, we used a regression tree analytical approach and found four distinguishable subgroups of children with respect to height z-scores according to the joint presence of LBW, prematurity, and SGA. Specifically, children with none or just one of the abnormalities had an average height z-score of Ϫ0.93, children born Ͻ2500 g and who were premature had an average zscore of Ϫ1.35, children born Ͻ2500 and who were also SGA had an average z-score of Ϫ1.44, and children who had all three abnormalities had an average height zscore of Ϫ1.73. The differences in the last three groups a A total of 337 children with a nonglomerular diagnosis contributed a total of 1107 person-visits (25 ͓7%͔ contributed one visit, 50 ͓15%͔ contributed two visits, 106 ͓31%͔ contributed three visits, 117 ͓35%͔ contributed four visits, 38 ͓11%͔ contributed five visits, and 1 ͓Ͻ1%͔ contributed six visits). b z-scores were age and sex-specific; bolded mean z-scores indicate significant differences (P Ͻ 0.05) between those with birth abnormality compared to those without the indicated birth abnormality using generalized estimating equations to account for the statistical dependence incurred by repeated measures of each outcome on the same individual.
c Growth hormone use was missing at 289 person-visits.
with respect to the first had significance levels of 0.026, 0.014, and 0.146, respectively. Figures 2 and 3 graphically depict the effect of a given abnormal birth exposure on age-sex-specific height ( Figure 2 ) and weight ( Figure 3 ) z-scores after adjustment and stratified by type of CKD diagnosis. Among those with a nonglomerular diagnosis, those born Ͻ2500 g, premature, or SGA had height z-scores that were on average 0.40 (95% confidence interval [CI]: Ϫ0.69 to Ϫ0.11), 0.44 (95% CI: Ϫ0.76 to Ϫ0.11), or 0.22 (95% CI: Ϫ0.59 to 0.16) SD lower than those born Ն2500 g, not premature, or not SGA, respectively. Those with a glomerular CKD diagnosis and also born Ͻ2500 g, SGA, or were in the ICU immediately after birth had nonsignificantly lower height z-scores than those not born with the specific abnormality. There was no significant differential birth abnormality effect of CKD diagnosis on height z-scores.
As shown in Figure 3 , children with a glomerular CKD diagnosis who were born Ͻ2500 g or SGA had significantly lower weight z-scores relative to those born Ն2500 g or who were not SGA, respectively. None of the birth abnormalities were significantly associated with weight in children with a nonglomerular CKD diagnosis. In children with glomerular versus nonglomerular diagnoses, the effect of SGA (Ϫ1.08 versus Ϫ0.18; P ϭ 0.029) on weight was more pronounced in children with a glomerular diagnosis.
Discussion
Abnormal birth history was quite common in our large cohort of North American children with CKD. LBW was reported in 17% of our cohort; this contrasts with an overall rate in the United States that ranged from 7.4% to 8.3% between 1996 and 2006 (17). Furthermore, SGA, defined as a birth weight Ͻ10th percentile, occurred in 14% of the cohort and 40% of the cohort spent time in a neonatal ICU after delivery. This finding that such a large percentage of children in the CKiD cohort had an abnormal birth history raises the possibility that birth history may be an important exposure when looking at growth-related and other types of outcomes. An abnormal birth history is a risk factor for various short-and long-term medical and developmental problems (18, 19) . Prematurity is a risk factor for chronic lung disease, cognitive impairment, and developmental abnormalities (19 -21) . Children who are SGA are known to be at increased risk for developmental delay (18) . Moreover, a growing body of evidence supports the Barker hypothesis, which contends that LBW places individuals at increased risk for development of various chronic problems (22) . Hence, future analysis of outcomes in the CKiD cohort should consider the effects of a child's birth history.
We found that children with CKD who were born All analyses were adjusted for gender (males versus female ͓reference͔), race (non-white versus white ͓reference͔), age (centered at 11.0 years), percentage of life with CKD (Ͻ50%, 50% to Ͻ90%, Ն90% ͓reference͔), and mid-parental height (centered at 1. with LBW or SGA were shorter than children whose birth weight was Ն2500 g or who had a birth weight Ͼ10th percentile for their gestational age. This suggests that LBW and SGA should be added to the list of risk factors for short stature in children with CKD. The effect of SGA on stature in children with CKD was surprising because most children who are SGA have rapid catch-up growth and achieve a normal height by 2 years of age (5); only 10% of SGA children have a persistent height deficit (6 -8) . LBW, in the absence of SGA, is not known to be a risk factor for short stature. There are several possible explanations for these two findings. First, the negative effect of CKD may prevent the normal catch-up in growth among children who are SGA or LBW that would likely otherwise be observed. Second, in some of our study participants, SGA or LBW may be secondary to the underlying kidney disease, thus selecting for a group of children with more severe CKD. Third, as discussed below, SGA or LBW may be a risk factor for the development of CKD. It is possible that children who have CKD due to SGA or LBW are more likely to have other consequences, such as short stature.
In multivariate analyses of the total cohort, LBW and SGA were associated with lower weight z-scores. When analyzed by diagnostic group, there was a significant negative effect of LBW and SGA on weight in the glomerular group, but not in the nonglomerular group; perhaps most interestingly, the negative effect of SGA on weight was significantly worse in those with glomerular diagnosis compared with those with a nonglomerular diagnosis. This may be explained by the Barker hypothesis, which postulates that in utero events, with SGA as the initial manifestation, increase the risk of various medical problems postnatally (22) . We speculate that the in utero events that led to SGA in the children with glomerular disease place these patients at risk for poor weight gain and glomerular kidney disease (e.g., focal segmental glomerulosclerosis). In contrast, abnormal birth history in the nonglomerular group is more likely to be a consequence of the kidney disease rather than a cause of the kidney disease.
Epidemiologic studies have shown that LBW is a risk factor for the development of CKD in adults (23, 24) . Many of the children with nonglomerular causes of CKD in this cohort may have had LBW secondary to their underlying kidney disease. However, participants with glomerular disease, which was diagnosed on average 7.5 years after birth (compared with a nonglomerular disease which was diagnosed on average 0.1 years after birth), also had a higher than expected rate of LBW and SGA. This raises the intriguing possibility that LBW may be a risk factor for the development of CKD, even during childhood.
There are limited data on abnormal birth history in children with CKD. In a single-center study, 26 of 101 children were preterm (25) , but this study focused on children who developed CKD during infancy and is thus likely heavily biased toward abnormal birth history. The study presented here provides the first multicenter study of birth history in a large group of children with CKD.
The findings of this report should be interpreted in light of the following limitations. First, this report uses exposures collected from parent recall of their child's birth history. Although there is evidence that parent recall is quite accurate for birth weight and hospitalizations (26 -28) , we must acknowledge the possibility of misclassification of abnormal birth exposures. Second, the z-scores for height and weight departed from a normal distribution because of heavier tails and a negative skewness because of a greater frequency of extremely low z-scores relative to the frequency of extremely high z-scores. However, given the reasonable fit of the normal distribution as depicted in Figure 1 , we opted to base our inferences on standard linear regression models. Lastly, as with all observational cohort studies, our findings are subject to possible unmeasured confounding. It is possible that the children with abnormal birth history had more comorbidities or feeding difficulties early in life that impaired linear growth and weight gain.
In conclusion, this analysis of more than 400 children has shown that an abnormal birth history is more common in children with CKD than in the general population. LBW and SGA were associated with lower weight, especially in children with a glomerular Figure 3 . | Multivariate CKD diagnosis-specific repeated measures analyses of abnormal birth history exposures on age-sexspecific weight z-scores. Point estimates of the mean differences (b G ) and 95% CIs in age-sex-specific weight z-scores comparing those with the indicated abnormal birth exposure to those without the birth abnormality among those with a glomerular diagnosis of CKD are indicated by the diamondshaped points and dashed vertical lines, respectively. Point estimates of the mean differences (b NG ) and 95% CIs in agesex-specific weight z-scores comparing those with the indicated abnormal birth exposure to those without the birth abnormality among those with a nonglomerular diagnosis of CKD are indicated by the diamond-shaped points and continuous vertical lines, respectively. The P values indicate the significance of any differential effects of the primary exposure on weight z-score in those with a glomerular diagnosis of CKD compared with those with a nonglomerular diagnosis (i.e., is b G b NG ). All analyses were adjusted for sex, race, age, percentage of life with CKD, and mid-parental height.
etiology of CKD. Moreover, children with a history of LBW or SGA, regardless of type of CKD diagnosis, were disproportionately short in stature. Hence, we have identified LBW and SGA as novel risk factors for abnormal growth in children with CKD.
